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Constant strain rate tests and constant load creep tests were performed 
on 2618 aluminium at 2pO°C. gThe strai^ rates used in the constant strain rate 
tests were 10 ,10 ,10 , and 10 /sec. Due to the fact that the strain 
rates in both tests were comparable to each other, the similarities between 
them can therefore be studied. 

It was concluded that metals are essentially rate sensitive at elevated 
temperatures. The traditional definition of creep and plasticity used in the 
classical creep analysis is actually a reflection of the material behavior 
under different loading conditions. A constitutive equation based on the 
test data under one loading condition should work well for other loading 
conditions as long as the strain rates are in the same range as those under 
which the material constants are determined. 
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Introduction 


Classically the constitutive equations used In the design of components 
of fast breeder reactor (I'ER) or pressure vessels are mostly based on the 
idea that the total strain can be decomposed into elastic strain, plastic 
strain, creep strain, and thermal strain (1). The elastic strain and the 
plastic strain are defined as the Instantaneous response to stress change 
which is time-independent, while the creep strain is defined as the time- 
dependent strain under constant lead. The constitutive equations for the 
plastic strain component are based on the classical rate-independent plas- 
ticity theory in which the concept of yield surface plays a very important 
role; and those for the creep strain component are generally based on strain- 
hardening viscous flow rule which, in most of the cases, needs to be modified 
in order to incorporate the anisotropy induced by deformation (2). Since the 
inelastic strain is decomposed into plastic strain and creep strain, there 
have also been some followup studies on the interaction between creep and 
plasticity (3). 

The new trend in modelling the inelastic material behavior, however, is 
toward a unified approach in which the traditional creep end plasticity are 
treated by a unified equation. This approach is reasonable based on the fact 
that both, creep strain and plastic strain are contributed mainly by the same 
deformation mechanism, i.e., dislocation motion. On the other hand, the way 
to distinguish creep strain from plastic, strain in the traditional approach 
is also somewhat too arbitrary. It is actually based on the way the material 
is tested. For example, in the study of creep-plasticity interaction, the 
material testing usually started with a constant strain rate loading followed 
by a period of constant-load loading, or vice versa. The inelatic strain 
accumulated during constant strain rate loading is considered as plastic 
strain, while the strain accumulated during the constant load period is 
treated as creep strain. This definition probably follows the tradition that 
plasticity is usually studied with constant strain rate tests, while creep is 
studied with the constant load test. 

In the current study, both constant strain-rate tests and creep tests 
vert performed ^on 2618 aluminum alloy. The strain rates adopted were in the 
range from 10 /sec to 10 /sec. The similarities between these two tests 
were investigated. The purposes of this study are: 

1) To justify the unified theory for creep and plasticity. 

2) To study the concept of creep-plasticity interaction. 

3) To compare the steady state response of engineering materials under 
constant-strain rate loadings with that under constant-load load- 
ings . 


In addition, one test under combined tension and torsion loadings was 
also performed to study the effects of shear stress on the axial stress- 
strain relation at constant strain rate. 

Mater ial and Spec imen 

The material employed in the present work was aluminum forging alloy 
26J8-T61 which was the same kind of material as that used in previous work 
(4-7), but obtained three years later from the same source, probably from a 
different batch. The heat treatment was carried out at different place too. 
Seme variations in the mechanical properties were found between these two 
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batches. However, since previous work were not referred in the current 
study, these variations may be disregarded. 

Specimens were thin-wailed tubes of circular cross section. The nominal 
outside diameter, wall thickness, and gage length were 25. 4, 1.5, and 101.6 
mm respectively. 

Exper imen tal Apparatus 


All the tests were performed with a combined tension and torsion creep 
machine whose details can be found in the paper by Findley and Gjelsvik (8). 
The relative axial displacement between the gage points was measured by a 
matched pair of linear variable differentia] transformers (I.VDT) using an 
AC-null balance system. One LVDT was attached to the gage points through 
four invar rods and the other (reference I.VDT) was connected to a mi crometer . 
Before the test, the outputs of these two I.VDT's cancelled each other, i.e., 
balanced. During the test some imbalance was induced, due to the relative 
displacement between the gage points, which would be balanced out again with 
the reference LVDT by turning the micromet :er . The relative displacement 
could then be read from the. micrometer. 

In order to use the current machine to perform controlled strain-rate 
tests, some modif iciations were necessary. The desired strain rates were 
obtained by use of several AC reversible synchronous motors to drive the 
reference I.VDT at specified speeds and an servohy draul ic system to apply the 
load in such a way that the output from the I VDT attached to the specimen 
always matches with that of the reference LVDT, i.e., the specimen is 
stretched at a speed determined by the motor. Unlike the tests done in a 
conventional tensile testing machine with constant "crosshead" speed, the 
current tests are truly strain rate controlled tests because the serve— 
hydraulic system is driven directly by the output from the. extensometer . 

The specimen was heated internally by a quartz-tube, radiant heating 
lamp and externally by two resistance heaters at the ends just outside the 
gage length. The lamp and the end heaters were controlled separately by two 
sets of Research Incorporated temperature controller and power controller. 
The test temperature was 200°C. Prior to testing, the specimen was soaked at 
the testing temperature for approximately 18 hours. The details of the 
choice of 18 hours as the soaking time can be found in the paper by Ding and 
Findley (7). 


Experi menta l R esults 

The experimental results are shown in the attached figures. In figure 
1(b) the solid line is the test data on the stress- strain relation for a 
controlled-^strain-rate test under stepwise increased strain rates, namely 
1.04 x 10 /sec, 1.0 x 10 /se^p, ari< * 1 -0 x 10 /sec followed by unloading at 
a strain rate of 1.04 x 10 /sec as shown in figure 1(a). Figure 2 is 
another controlled strain rate test under stepwise decreased strain rates. 
For both tests, a steady’ state can be found for each particular strain rate 
in which the stress remains constant. The steady state stress at each step 
in figure 1(b) is lower than that in the corresponding step with the same 
strain rate in figure 2(b), respectively. This may be due to the different 
strain histories and strain rate histories involved in these two tests. In 
figure 1(b), it can also be seen that the slope during unloading is higher 
than that during loading. This may be explained as follows: during loading, 
the time-dependent strain is developed in the same direction as the imposed 
strain rate direction, while during unloading, they are opposite to each 
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other. Therefore, for the same imposed strain rate, less stress may be 
required during loading than during unloading. Similar observations can also 
be found in figure 2(b). However, loading and unloading were carried out at 
different strain rates in this test. 

The creep test data under step loadings are shewn in figure 3. The 
stress at each step was chosen the same as the steady state stress at the 
corresponding step in figure 1, namely, 172.5 MPa, 195 MPa, and 216 MPa, 
respectively. Similar to figure 1, a steady state was also found in each 
loading step. A comparison of the materia] responses between these two tests 
is shown in figure 4. The steady state responses at each step are quite 
close to each other. The deviation is within 10%. The major differences 
between these two tests seem mainly on the transient responses. 

Shown in figure 5 are the test results of axial loading at constant 
strain rate combined with stepwise varied torsional loadings. The effect of 
shear stress on the ongoing axial material response to a constant-strain-rate 
loading can be clearly seen. It is quite interesting to notice that the 
combination of axial stress and shear stress |t rew^steady state for steps 2, 
3, and 4 satisfy the Tresca relation, i.e, o + 4t = constant, as shown in 
figure 5(c). However, the implication of this relation is not quite clear in 
this case. From figure 5(b), it can also he seen that the steady state axial 
stress in the later stage, i.e., when the shear stress is completely 
released, is lower than the initial steady state stress before the shear 
stress was applied. Similar observations can also be found for the two steps 
with the same shear stress, namely 55.6 MPa. This may indicate that some 
kind of softening may have occurred. 

Discus sion o f t he Experimental Result s 


In figure 6, the stress-strain curves at different strain rates dis- 
cussed earlier were put together. As shown in this figure, a distinguishable 
elastic region can be found for each curve. The point at which the curve 
starts to deviate from the straight line may be defined as the so-called 
yield stress and the dependence of the yield stress on strain rate may he 
interpreted as the rate-sensitive yielding in the theory of viscoplasticity. 
From these results, the first conclusion we may draw is that the yield stress 
is not a well-defined term at high temperature due to its dependence on the 
loading condition. In other words, yield stress is net a material property. 
The applicability of classicial rate-independent plasticity theory, in which 
the concept of yield stress is essential, to describe the deformation at high 
temperature is therefore questionable. 

Secondly, following the proposal by Rice (9), the above, rate-sensitive 
yielding can actually be interpreted as a reflection of the role of the 
time-dependent strain (or creep strain). If the loading rate is high, the 
time-dependent strain does not have enough time to develop durirg loading, a 
well-defined elastic region may he found. When the loading rate gets lower, 
this elastic region should gradually diminish due to the involvement of the 
time-dependent strain. When the materials reach the steady state, the 
time-dependent strain rate at a particular stress level is fixed. In a 
constant strain rate test, when the stress is increased to a level in which 
the time-dependent strain rate is equal to the imposed strain rate, the 
stress will stay constant. At room temperature, the creep rate of most 
structural materials is so low that the stress-strain curve based on loading 
times of order of minutes does net differ significantly from those based on 
seconds, hours, or days. This may be considered as a limiting case for which 
the rate-independent plasticity theory could be applied. 
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Based on the above discussion, we may conclude that at high temperature, 
all the materials are essentially rate-sensitive, i.e., time-dependent. The 
traditional definition of plastic strain and creep strain at high temperature 
based on material testing only refers to different macroscopic material 
behavior under different loading conditions, i.e., constant strain rate 
loading versus constant load loading. The "instantaneous" response has no 
meaning unless the loading rate (or strain rate) is specified. Consequently, 
there seems no physical background to study the so-called creep-plasticity 
interaction. In fact, when the steady state is reached, both load and strain 
rate are constant. There is even no distinction between creep test and 
constant strain rate test any more. 


Modelin g of the Experimental Result s 

In the previous work (4-7), a viscous-viscoelastic model was developed 
to model the experimental results of creep under variable biaxial loadings. 
The material constants were determined by quite a few creep and creep recov- 
ery tests. As mentioned earlier, since there exist some variations in the 
mechanical properties between the specimens in the current study and those in 
previous work no attempts was made to use previous theoretical model to 
predict the current experimental results or to redetermine the material 
constants due. to the limited amount of specimen. Instead, some other con- 
stitutive equations were considered. 

Due to its simplicity, the constitutive equation proposed by Bodner (10) 
and Mertzer (11,12) were tried to model the current experimental results. 

For uniaxial stress state, the constitutive equation can be stated as 
follows : 
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where t is the inelastic strain rate, a is the applied stress, z is a 
scalar state variable whose initial value and the saturation value are z and 
z^ respectively, and is assumed to be a function of plastic work. D , n, m, 
A, q are the material constants. As shown in eqn. (£) , the rate of change of 
z(z) is governed by work-hardening, m(z^ - z) ai , and softening due to 
thermal recovery, A(z - z )**. 

As shown in the paper by Merzer and Bodner (11), if neglecting the 
recovery term, the above constitutive equation can be integrated to get an 
explicit stress-plastic strain relation for the case when the plastic strain 
rate is constant. The assumption of constant plastic strain rate can 
actually be applied to the later stages of the three curves shown in figure 6 
because the stress increment and thus the elastic strain increment, is almost 
zero. 

By fitting the integrated equation to these three curves, the material 
parameters used in equations (1) and (2) can be determined fpr the current 
material.. The values of these constants are: D : 10 sec ; n: 0.79; m: 
19.0 MPa ; z : 525 MPa; z. : 1092 MPa. The theoretical results are shown in 
figures 1(b), 2(b), and 3(b) as dotted lines. Because equations (1) and (2) 
was for uniaxial stress state, no theoretical predictions was made for the 
data shown in figure 5. 
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Discuss ion o f The Th eoretical Model 

The theoretical results shown in figures 1(b) and 2(b) showed some dis- 
crepancies with the experimental data. Furthermore, the predicted steady 
state stress at each step in figure 1(b) is almost the same as that at the 
corresponding step in figure 2(b) with the same imposed strain rate, respec- 
tively. This was found to be due to the fact that in both cases the scalar 
state variable z almost reached its saturation value z^ at the end of the 
first step and stayed there for the whole test. With a constant value of z, 
a unique stress should of course be expected for a specified strain rate. 

When equations (1) and (2) are applied to the creep test, figure 3, it 
can be seen that the general trend of the material behavior seems satis- 
factorily described especially for the transient response at the first 
loading step. The results could be improved by including the thermal 
recovery term which seems quite important in the low strain rate tests. 
However, the current experimental information is not enough for identifying 
this term. 

Based on the above results, it seems reasonable to conclude that 
constitutive equations based on the data from constant strain rate material 
testing should be able to predict the material behavior in a constant load 
creep test or vice versa, i.e., a unified equation should work well for 
various kinds of loadings. However, there is one very important point which 
needs to be clarified here. In the current tests, all the constant strain 
rate tests were performed at the strain rate^ which are ^comparable to those 
during a constant load creep test, namely 10 /sec to 10 /sec. However, the 
strain rates usually used in the study ^of plasticity, e.g., creep-plasticity 
interaction, are in the range from 10 /sec to 10 /sec which are generally 
available in a commercial testing machine. In this case, the constitutive 
equation derived from the data from creep tests may not be able to predict 
the material behavior during a constant strain rate tests because of dif- 
ferent ranges of strain rates involved. Therefore, it seems important to 
keep in mind that in order to develop a unified constitutive equation which 
can interpret the traditional creep-plasticity interaction, test data cover- 
ing a wide range of strain rates seems necessary. 

Conclusions 


Metals are essentially rate sensitive at elevated temperatures. The 
traditional definition of creep and plasticity used in the classical creep 
analysis is actually a reflection of the material behavior under different 
loading conditions. A unified constitutive equation should work well for 
various kinds of loading conditions as long as the strain rates are compar- 
able to each other. 
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Figure 3(a): Loading program for a creep test under stepwise increased 
stresses. The stress at each step is equal to the steady state stress 
at the corresponding step in figure 1(b), respectively. 
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Figure 3(b): Experimental (solid lines) and theoretical (dotted lines) 
results for the loading program shown in figure 3(a). Notice that 
different time scales were used for each step. 
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Figure 4(a): Comparison of the results in figure 1(b) and figure 3(a) 

In terms of stress and strain. Solid lines are the results of constant 
strain rate test, while dotted lines are the loading program for creep 
test . 
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Figure 4(b): Comparison of the results in figure 3(a) and figure 3(b) 

in terms of strain rate and strain. Solid lines are the loading program 
for constant strain rate tests, while dashed lines are the results of 
creep tests. 
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Figure 5(a): Loading program for a test under constant-strain-rate 

axial loading combined with stepwise varied torsional loadings. 
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Figure 5(b): Experimental results for the loading programs shown in 

figure 5(a) . 
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Figure 5(c): Stresses at steady states for steps 2, 3, and 4 shown in a 

two-dimensional stress space. The solid line is the Tresca curve. 
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Figure 6: Stress-strain relations at different strain rates. 




